Cooperation schemes are the key elements of infrastructure-less wireless networks that allow nodes that cannot directly communicate to exchange information through the help of intermediate nodes that relay their messages towards destination. The most widely adopted approach is based on hop-by-hop forwarding at network layer along a path to destination. Cooperative relaying brings cooperation al physical layer in order to fully exploit wireless resources. The concept exploits channel diversity by using multiple radio units to transmit the same message. The underlying fundamentals of cooperative relaying have been quite well-studied from a transmission efficiency point of view, in particular with a single source and destination. Results of its performance gain in a multi-hop networking context with multiple sources and destinations are, however, less available. In this paper, we provide an optimization approach to assess the performance gain of cooperative relaying vis-a-vis conventional multi-hop forwarding for joint packet routing and transmission scheduling under general network topology. The approach extends and generalizes classical optimization schemes for non-cooperative networks. We provide numerical results demonstrating that the gain of cooperative relaying decreases when network connectivity and the number of traffic flows increase due to the effect of interference and resource reuse limitation. In addition to quantifying the performance gain, our approach leads to a new framework for optimizing routing and scheduling in cooperative networks.
Introduction
Infrastructure-less wireless networks where nodes directly communicate with each other have received much attention from the research community and generated a plethora of applications (including ad hoc, sensor, and mesh networks).
In most of these application scenarios, direct communications among nodes are not sufficient due to the transmission range limitations and cooperative approaches are adopted. The goal is to allow nodes that cannot directly communicate to exchange information through the help of intermediate nodes that relay their messages towards destination.
The first and most common cooperation mechanism is based on the hop-byhop forwarding along a path composed by a sequence of nodes from source to destination. At each hop a single node forwards an information packet to the next node in the path which is usually dynamically selected through a routing protocol [1] . This conventional multi-hop forwarding has been adopted in almost all practical implementations of ad hoc, sensor and wireless mesh networks and analyzed by a huge literature on the topic.
Recently, in order to overcome the capacity limits of conventional multihop forwarding, a new approach that exploits cooperation also at transmission layer has been considered [2, 3] . The idea, that dates back to the work of van der Meulen [4] and Cover [5] , is to use multiple relays whose transmissions are combined together at the receiver. Exploiting the broadcast nature of the radio channel, transmissions can be received and then simultaneously forwarded by groups of nodes acting together as a virtual array of antennas [6, 7] . Relay nodes can decode-and-forward or just amplify-and-forward information packets [8, 9] .
Similarly to multiple antenna systems, with cooperative relaying there are some remarkable advantages in terms of channel capacity that have been extensively analyzed [10] [11] [12] considering also distributed coding schemes [13] [14] [15] , retransmission mechanisms [16] , and power allocation methods [17, 18] . Moreover, due to the fading effect of the radio channel caused by obstacles and multi-path propagation, cooperative relaying can provide some spacial diversity gain [8, 19] , even though there is an obvious trade-off between capacity and diversity gains [20] .
If the positive effect of cooperative relaying is easy to understand in single source-destination scenarios, the case of multiple sources and destinations is more complex to assess [21, 22] and requires the design of cooperation protocols for multiple access, channel state information and routing [23] [24] [25] . In general, it is expected that the signaling overhead is higher than traditional hop-by-hop forwarding due to the increased coordination information. However, even neglecting the effect of increased overhead, we argue that the potential gain of cooperative relaying from a network capacity perspective is affected by interference and resource reuse limitations.
The evaluation at system level of the performance gain of cooperative relaying in wireless multi-hop network has received so far little attention in the literature. It requires measuring the overall efficiency in using radio resources when serving multiple traffic flows between different source-destination pairs in the presence of interference. Actually, due to the difficulty of modeling interference, network capacity evaluation is not an easy task even with the conventional multi-hop forwarding scheme for which mainly asymptotic results exist [26] . A first work in [? ] considers cooperative relaying in a network with two sources and two destinations and evaluates the channel capacity. Differently in this paper, we consider arbitrary ad hoc network topologies and focus on the evaluation of network capacity. In [28] , ad hoc network scenarios with multi-user interference are considered and the behavior of the amplify-and-forward scheme is analyzed characterizing the interference from a statistical perspective. Instead in our work, we consider the decode-and-forward scheme and evaluate the network efficiency in using radio resources when simultaneous transmissions can be coordinated and interference controlled. In [29] the gain of cooperative relaying in large networks with multiple sources and destinations and amplifyand-forward relays is evaluated and asymptotic results are provided modeling interference with a conflict graph according to the protocol model. In this paper we propose a different approach modeling interference with the more accurate physical model based on the signal-to-interference and noise ratio (SINR) and providing a method for evaluating arbitrary networks and defining optimal scheduling and routing schemes.
From a network perspective, in addition to radio channel capacity, there is another important element that determines the overall efficiency: the reuse level of radio resources in the network. Parallel transmissions of nodes are possible if they are sufficiently apart and the interference at their receivers is low enough to allow correct decoding of information packets. Even if cooperative relaying can increase the radio channel capacity, or equivalently the transmission range, it may negatively affect the reuse level. Transmissions from multiple relays can increase interference limiting the number of parallel transmissions. Moreover, since nodes are usually equipped with a single transceiver, at a give time they can be involved in only one cooperation group for transmitting or receiving a packet, further limiting resource reuse. In the extreme case all nodes cooperate to relay the packet of a source-destination pair, no parallel transmission can occur in the network (Figure 1 ).
In this paper, we provide an optimization approach to compare the performance of cooperative relaying with that of conventional multi-hop forwarding considering a decode-and-forward mechanism. Our approach allows to capture both the channel quality improvement of cooperative relaying, expressed in terms of increased transmission range, as well as the resource reuse, modeling the effect of interference with a threshold on the Signal-to-Noise and Interference Ratio (physical model). Since both packet routing and transmission scheduling greatly impact the overall network capacity, we jointly optimize them considering a spacial time division multiplexing approach in order to make the comparison fair. Our model considers arbitrary network topologies and optimizes the path selection and the transmission scheme at each hop (with or without cooperation). Therefore, in the considered scenario the conventional multi-hop forwarding is just a special case of the cooperative relaying and we can measure the relative gain in network efficiency selecting the best level of cooperation.
The proposed approach extends and generalizes classical optimization schemes for non-cooperative networks [30] [31] [32] .
The paper is organized as follows. In Section 2 we present the system model and the related assumptions. In Section 3 we propose an integer programming formulation of the cooperation optimization problem, while in Section 4 we present a solution approach based on column generation. Computation results on some example networks and on a larger set of randomly generated networks are provided in Section 5. Finally, Section 6 concludes the paper.
System Model

Preliminaries
We use a directed graph G = (N , L) to represent the physical topology of a wireless network, where N and L denote the sets of nodes and communication links, respectively. Denote by P v the transmission power of v ∈ N , g vw the radio propagation gain between v and w, and η the effect of thermal noise. A link (v, w) exists if and only if its signal to noise ratio (SNR) meets a threshold γ. The condition reads:
With time division multiple access, radio transmissions are organized using time slots, each of which may accommodate one or several parallel transmissions.
Transmission between two nodes generates interference at other receivers, and limits the amount of parallel transmissions.
A widely used performance metric in scheduling transmissions is the number of time slots required to deliver traffic demand which is directly related to the overall efficiency in using radio resources.
In comparing cooperative networking with conventional forwarding, this 
Communication Graph with Cooperation
For κ > 1, graph G is not sufficient for modeling cooperative transmission.
We develop a graph concept, which we refer to as κ-Cooperation graph, to generalize the original topology G. 
Note that the size of G grows exponentially in κ. When κ = 1, the κ-cooperation In Figure 2 , the four transmissions do not necessarily correspond to links in the original graph G. This is because the SNR condition takes a new form in the cooperation graph G. For a super-link (i, j) ∈ A to exist, the following SNR condition applies to all receivers of the super-link, i.e., for all w ∈ Γ(j):
The numerator in (2) STE: Note that for k > 1 the cooperation graph is not symmetric:
there might exist pairs of nodes v and w such that v is reachable from w, but not viceversa.
Classes of Super-Links
The super-nodes in G vary in the cardinality of associated subsets of nodes in the original graph. Based on this cardinality, we define four classes of superlinks.
1. One-to-one. These are the links in the original physical topology, i.e., links in L. Super-link (i, j) is of this class if it satisfies the condition:
2. One-to-many. A super-link of this class corresponds to a group of links in L originating from the same node in N . Thus (i, j) ∈ A is a one-tomany super-link if Γ(i) = {v}, |Γ(j)| > 1, and (v, w) ∈ L for all w ∈ Γ(j).
The one-to-many links are also referred to as broadcast links.
A special subclass of one-to-many links are the so-called buffering links,
in which a node behaves as it was transmitting also to itself. Example 1. Figure 3 shows the physical topology of a wireless network with 5
nodes. Figure 4 shows the super-nodes of the corresponding 2-cooperation network. For clarity, only a few of the super-links are drawn. The blue links are of class one-to-one; these are the links incident to node 2 in the original topology.
The red super-links are broadcasting links from node 3 to super-nodes {1, 2}, {1, 5}, and {2, 5}, respectively. Each of the three green super-links is a cooperating link, representing simultaneous transmissions of a packet from super-node {2, 3} to a single receiver. Note that transmissions on (2, 1), (2, 5) , and (3, 4) do not correspond to physical links in Figure 3 . Finally, the brown super-links are multicasting links, each of which carries transmissions involving two transmitters and two receivers; some of these transmissions occur between nodes that do not have links in Figure 3 . The distance in hops between a source-destination pair may benefit from cooperating and multicasting links. For example, the shortest path from node 4 to node 1 has three hops if no cooperation is allowed. The shortest path distance in the cooperation graph becomes two hops, and one of such paths is formed by 4, {2, 5}, and 1.
Interference Models
When several super-nodes are transmitting in the same time slot, interference must be accounted for. We consider here the the SINR physical model as follows.
SINR model.. Suppose link (v, w) is used for a transmission from v to w, and K is the set of nodes transmitting in the same time slot other than v, the transmission on (v, w) is considered successful if and only if the signal-to-interference and noise ratio (SINR) is at least γ, i.e.,
Suppose now that in addition to node i, a set of super-nodes Ω are transmitting in the same time slot. The SINR condition for super-link (i, j) is that for all w ∈ Γ(j), the following inequality holds,
In (4), all nodes composing the super-nodes in Ω increase the interference for super-link (i, j). Note that a node u ∈ N may appear at most once in the denominator, because the super-nodes transmitting in any time slot all must have mutually disjoint sets of nodes in the original graph.
An Integer Programming Formulation
Routing and scheduling of packets without cooperation, with the objective of minimizing the total number of time slots, has been studied quite extensively in the literature (see Section 1). From a computational complexity standpoint, this optimization problem is N P -hard, in particular because even if optimization is restricted to scheduling only (i.e., routing is fixed), the problem generalizes graph coloring [30] . Integer programming based on identifying feasible configurations admits, within a reasonable amount of computing time, an optimal or very-close-to optimal routing and scheduling solution for networks of up to moderate size [32] . Here, a feasible configuration refers to a group of transmissions that may share a time slot. Utilizing the cooperation graph, we are able to generalize this integer programming concept to networks with cooperation. 
s.t.
The objective is to minimize the total number of configurations (i.e., time slots). Constraints (6) are the flow balance equations for each packet d ∈ D.
Constraints (7) link the flow variables to the configuration variables: For each super-link (i, j) ∈ A, sufficiently many configurations containing (i, j) must be chosen to accommodate the total flow going through (i, j).
A Column Generation Approach
The Framework
The number of λ-variables in P equals |S|, which is exponential in the size of the cooperation graph G. Thus a solution algorithm requiring the generation of all possible feasible configurations a priori is not computationally feasible.
Exploiting the structure of P, an effective solution strategy is to solve its linear programming (LP) relaxation by means of a column generation method, which provides a lower bound on the optimal number of time slots, followed by computing an optimal or near-optimal integer solution (e.g., see [33] for a textbook on column generation). By keeping a small subset S ⊂ S and expanding the subset systematically, the column generation method decomposes the LP version of P into a master problem and a subproblem. The former is used to find the optimal solution when optimization is restricted to the elements in S ; the latter corresponds to a separation problem for the dual LP for checking optimality, that is, to either find additional elements that are of interest to be added to S , or conclude that the current solution of the master problem is optimal not only for S but also for S (i.e., all variables λ s for s ∈ S \ S are zeros at optimum).
The master problem looks very similar to P. To save space, we do not present it in mathematical form. The master problem differs from P in the following two aspects.
1. Set S is replaced by a subset S , of which |S | |S|.
2. The integrality requirements on the β-and λ-variables are relaxed.
As long as the resulting master problem contains at least one feasible solution, any S ⊂ S can serve as the starting point. That is, the subset S must be such that constraints (7) 
The Pricing Problem for the SINR model
After solving the master problem, checking the LP optimality condition amounts to examining whether or not any λ s , s ∈ S \ S , has a negative reduced cost. Denoting the dual variables of (7) by π, (i, j) ∈ A, the reduced cost of λ s equals 1 − (i,j)∈A:s∈Sij π ij . The subproblem, also called the pricing problem, takes the following form,
The minimization in (10), in its turn, can be formulated by an integer linear model; thus we can solve (10) without explicitly having the set S. A solution of the integer model corresponds to a feasible configuration, that is, a set of super-links that can be active in the same time slot. Below we define the set of binary variables used by the model, and the model itself.
(i,j)∈A:
The objective is to find a configuration of minimum reduced cost. Constraints (12) ensure that the z-variables satisfy two conditions. First, for any node v in the original topology G, at most one super-link, of which the starting super-node contains v, can be active, that is, v is allowed to transmit at most one packet in a time slot with or without cooperation. Second, if node v is transmitting, it can not be a receiving node of any active super-link at the same time. The SINR conditions are formulated by (13) . The constraint has effect only if z ij = 1. In this case, the inequality states that the SINR, in which interference originates from all active super-links other than (i, j), must be at least γ. Note that for any super-node k, k = i, the outer-sum in the denominator will contain at most one super-link from k, because of (12).
Constraints (13) are non-linear. A standard way of linearizing these constraints (e.g., see [34] ) is to introduce a parameter, denote by M , and reformulate (13) into the following linear inequalities. The parameter M is chosen to be large enough such that the inequality has no effect if z ij = 0.
Computationally, the number of SINR constraints (15) (12),
By (16) , node v transmits to node w if and only if a super-link containing v and w as transmitting and receiving nodes, respectively, is active in the cooperation graph. Constraints (17) state that, if v is transmitting, then another node w either is a receiver or the transmission of v generates interference at w.
The next set of constraints ensures y w = 1 if q vw = 1 for any v. The SINR conditions, one for each w ∈ N , are formulated in (19) . These constraints can be linearized in a way similar to (15).
Algorithm Summary
The computational machinery that we propose for solving the routing and scheduling problem in a cooperative network consists in the following steps.
Step 1. Define an initial subset S ⊂ S.
Step 2. Solve the master problem of the LP relaxation of P (Section 4.1).
Step 3. Solve the pricing problem using either of the two models (Section 4.2).
Step 4. STE: If at least a feasible configuration s ∈ S \S with negative reduced cost is found, then add the configuration(s) to the master problem and go to Step 2, otherwise go to the next step.
Step 5. Find an integer solution for the configurations in set S and return the corresponding solution.
The last step can be performed by applying an integer linear solver, or, if this takes excessive computing time, using a heuristic algorithm. In either case, P is not guaranteed to be solved to optimality, because some configurations used at integer optimum may not be present in S in this step. Ensuring integer optimality would require embedding the above algorithm into a branch and price scheme. Empirically, however, for all network instances used in the experiments, integer optimum is obtained and verified (by the LP value, sometimes after rounding), i.e., no branching is needed.
Among the steps in the algorithm, two of them are quite important. The first important step is to compute the initial subset of configuration S , and the second crucial consists in solving the pricing problem. In order to generate S , we use a Shortest Path Allocation (SPA) heuristic that generates for each demand the shortest path form its source to its destination, and add to S a configuration for each link that appears in at least one of the generated paths. STE: The second step of solving the pricing subproblem is definitly the most crucial. One approach to speed up this step is to solve the pricing problem to optimality (i.e., finding the minimum reduced cost), but keeping a pool of feasible solution as diverse as possible, and adding up to 20 columns per iteration. Although the number of columns in the master problem grows rapidly, the approach pays off since much less iteration are required to reach the convergence.
Computational Results
We present first a set of basic examples that show the main issues in evaluating cooperative schemes. Then, in the next subsection, we report computational results on a large set of random instances. 
Basic Examples
A clear advantage of cooperative relaying consists in allowing the communication between nodes that, due to the SNR constraint, are not connected in the original network. Figure 5 shows a small example of a network with 6 nodes and two demands 2, 4 and 4, 3 . Remember that, in this paper, a demand represents a single packet associated with a source and a destination. The fixed parameters are the transmission power P = 0.2 mW, the thermal noise at the receiver η = 10 −10 mW, and the SNR thresholds γ = 10. Since node 4 is disconnected from both node 2 and node 3, these two demands cannot be satisfied without cooperation. If we allow a 2-level of cooperation, the demand 2, 4 is satisfied with the configurations 2 → {3, 5} and {3, 5} → 4, and the demand 4, 3 with the configurations 4 → {4, 6} and {4, 6} → 3. Note that the second demand uses the buffering link {4, 6} → 3.
The advantage of cooperation tends to decrease as the connectivity of the network increases. To quantify the connectivity, we use two network properties:
, that is the percentage of links that satisfies the SNR constraint with respect to a fully connected network, and (ii) the problem instances: the first instance has a single demand 1, 4 , the second instance has two demands 1, 4 and 9, 12 . In the first case cooperative relaying requires one time slot less to satisfy the demand. In the second case cooperative networking has an optimal solution where cooperation does not occur, yielding the same solution of the problem with traditional hop-by-hop forwarding.
Computational Evaluation
We performed a preliminary assessment of cooperative forwarding by running a series of simulations on random topologies with 13 and 15 nodes drawn on a square area of 1000 m 2 . The thermal noise is set to η = 2.0 * 10 −10 mW and the SNR ratio to γ = 10. The propagation gain is computed as
The number of demands ranges from 5, 10, 20, and all pairs of connected nodes.
The transmission power is set either to P = 0.1 mW or to P = 0.4 mW. For P = 0.1 mW the network given by the SNR ratio results to be a sparse network with average diameter equal to 3, while for P = 0.4 mW the network is denser, and, above all, it has an average diameter equal to or smaller than 2. Table 2 : Evaluation on random topologies with 13 nodes drawn on a square are of 1000 m 2 , with parameters P = 0.2 mW, γ=10, η = 2 * 10 −10 mW. The time is in seconds.
No-Cooperation Cooperation
Ist. gives the gap between the schedule length obtain with and without cooperation,
i.e., the gap is equal to U B1−U B2 U B2 * 100.
Our column generation approach produces the optimal solution whenever the ceiling of the lower bound is equal to the upper bound. In general, the optimal solutions with 2-cooperative networking are around 6-11% better than those without cooperation. Note (see Table 2 instances p11 and p12) that the gain of cooperation can be as high as 22%, but as low as 0%. In addition, we can remark that increasing the transmission power, and therefore increasing the connectivity of the network the gain of cooperation decrease. Table 4 gives addition details on the evaluation of cooperative networking.
Each row of table 4 reports the average over 10 random instances. We just compare no-cooperation and cooperation in terms of size of the network and computation time. We looked at the gain of cooperation as both a function of the number of demands, and as network density. Note that increasing the number of demands, the gain of cooperation decreases. Note also that the computation time (exponentially) increase with both the number of demands and the number of links (and super-links).
Finally, Table 5 gives better insight on the advantage of using cooperation.
The table reports results for networks with 15 nodes and the same technical parameters than above. This time the traffic demands was generated in a specific way: for each number of demands, i.e., 5, 10, and 20, we have generated respectively 5, 10, and 20 pairs of demands with a fix hop distance h, where h = 2, 3, 4, 5, 6. In practice, for h = 6, we have considered all the demands with or greater then 6, the schedule length is 37% shorter than without cooperation.
The table shows clearly that the higher is the distance between the pairs of demands, the higher will be the gain of cooperation. This is due to the fact that in the cooperation graph the hop distances between pair of nodes are usually smaller, for the presence of super-links that gives additional shortcuts.
Conclusion
In this paper we have proposed an optimization approach for evaluating the relative gain in resource efficiency of cooperative relaying with respect to conventional multi-hop forwarding. The results presented show that the overall efficiency greatly depends on the network topology and the traffic pattern since the negative effect of cooperation on the reuse level of radio resources is particulary relevant when the network is dense of links and several traffic flows must be served in parallel.
Even if our work provides interesting insights on the advantages of cooperative relaying at network level, there are several open issues that deserve to be investigated. In our future research, we plan to extend the proposed model to account for the effect of power control and account modulation and coding that can be included quite easily in the current optimization framework. Moreover, we plan to consider also amplify-and-forward approaches even if the intrinsic non-linear nature of the SINR prevents the computation of bounds using linear programming.
